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About one third of several hundred mining lakes in Eastern Germany are highly acidiﬁed, and there is a
need to restore them to neutral conditions because they constitute an environmental hazard for water
resources and downstream environments. The aim of this study is to evaluate the efﬁciency of three
different acid pit lake water remediation treatments: dilution with alkaline (river) water, limestone
treatment and biological neutralization by organic carbon-driven alkalinity generation. The efﬁciency is
evaluated for the acidic mining lake Gru¨newalder Lauch by adjusting input values into a geochemical
model and making future projections. Current approaches, such as ﬂooding with neutral surface water
or extensive liming, are not suitable for many lakes because of a limited supply of alkaline water or high
lime immobilizing potential of Fe- and Al-rich water in acidic lakes, respectively. Further treatment
methods are, therefore, designed to combine water supply and biological measures with the
management of water quality by the application of in-lake microbial processes. These processes are
focused on the metabolic response of aquatic ecosystems to nutrient enrichment (enhancement of
primary production and thereby organic carbon supply) and the microbial decomposition of organic
matter and their effects on the gain or loss of alkalinity.
The results and comparisons of different neutralization measures will be generalized by the
application of hydrogeochemical models for alkalinity production showing
a) the long term efﬁciency of the measures, depending on carbon turnover at the sediment/water
interface,
b) the development of bicarbonate buffering capacity as a consequence of biological measures,
c) the importance of pyrite formation instead of FeS.H. A
: +4
f).& 2010 Elsevier GmbH. All rights reserved.Introduction
Acidic mining lakes have formed worldwide resulting in a
number of water quality problems which severely limit beneﬁcial
uses and may constitute an environmental risk not only in the
water body itself, but also for downstream environments and
water resources (Salmon et al., 2008; Geller et al., 1998). One third
of the several hundred mining lakes in Eastern Germany,
especially in Lusatia, suffer from severe acidiﬁcation. According
to the EC Water Framework Directive (EU-WRRL, 2000), artiﬁcial
lakes larger than 0.5 km2 must be monitored and managed in
order to establish or maintain a status close to their highest
ecological potential (Nixdorf et al., 2005). Acidic lakes can bell rights reserved.
9 33631 5200.managed, in principle, by three different measures to achieve
neutral water quality conditions necessary for recreation or
ﬁshery use (Klapper et al., 1998): dilution through external
ﬂooding with alkaline water, chemical treatment (mainly lime-
stone neutralization) or biological measures to enhance alkalinity
generation. These biological treatments are, in general, identiﬁed
as ecotechnological measures according to Uhlmann (1988) and
Uhlmann and Horn (2001), and involve the large scale application
of natural biological processes (self-puriﬁcation, regulation,
regeneration, trophic changes) to improve the ecosystem water
quality in running and standing waters. The speciﬁc activities of
organisms, ranging from bacteria to macrophytes, are managed to
improve self-puriﬁcation. Ecotechnology is focused on the devel-
opment and application of microbial activities to reduce acidity
and to reach intact functioning ecosystems at a neutral level
when applied to the problem of acidiﬁcation in mining lakes
(McCullough and Lund, 2006; Totsche et al., 2006). Internal
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mediated processes based on organic carbon-driven alkalinity
generation (e.g. primary production and decomposing processes
associated with the reduction of nitrate, Fe(III) and sulphate under
anaerobic conditions). These processes have the potential to
ameliorate water column acidity after the degassing of reaction
products or the precipitation of iron sulphides. It has been shown
that the main factor limiting alkalinity generation is the
availability of labile organic carbon (Wendt-Potthoff et al., 2002;
Fro¨mmichen et al., 2003, 2004; Blodau, 2006). Primary production
is typically one of the major internal sources of organic carbon in
lakes. On the one hand, high levels of primary productivity have
been reported under highly acidic and eutrophic conditions,
suggesting that acidity in itself is not a limiting factor in organic
matter production (Blouin, 1989; Nixdorf and Kapfer, 1998). On
the other hand, primary production is limited in many acidic lakes
by the availability of inorganic carbon and phosphorous, and can
be enhanced by artiﬁcial eutrophication, such as fertilization
(Davison et al., 1995; Beulker et al., 2003; Fyson et al., 2002;
Uhlmann and Nixdorf, 2002).
How important the knowledge of internal alkalinity generation
in a lake is to predict if it will stay circumneutral or may be
(re)acidiﬁed by acidic loads was shown by Koschorreck and Tittel
(2007). The combination between microbial and chemical
induced alkalinization was tested in small scale microcosm
(Fro¨mmichen et al., 2004) and large enclosure experiments in
Lake Plessa 111 by the addition of the substrates carbokalk and
straw (Bozau et al., 2007; Geller et al., 2009).Fig. 1. Comparison of three principle approaches to neutralize acidic waters
(ﬂooding/dilution, chemical treatment/liming and biological treatment adding
nutrients and/or organic substances to enhance microbial activities).Chemical measures (e.g. liming) for neutralization are known
to be of short term effect because most of the acidic waters gain
only low buffer capacity by using this method and are, therefore,
very sensitive to re-acidiﬁcation. In addition, ﬂooding with stream
water is not often able to establish neutral water bodies without
permanent further treatment (Lessmann et al., 2003). The
experimental veriﬁcation of different acid pit lake water remedia-
tion treatments is limited for whole lake experiments, thus the
aim of this study is to evaluate the efﬁciency of dilution,
limestone treatment and biological neutralization using hydro-
geochemical modelling and developing future scenarios of lake
water quality in Gru¨newalder Lauch.Remediation strategies and potential of neutralization of
biological processes
Fig. 1 gives an overview of the three principle restoration
strategies used to overcome acidiﬁcation in mining lakes. Firstly, a
largely physical measure with chemical effects is to dilute the
acidic lake water by alkaline ﬂooding water (e.g. diversion from
rivers or groundwater; see also Schultze et al., 2002; Schindler,
1986). Secondly, the most common neutralization method is
liming, a chemical approach to neutralize acidic waters. Its long
term effect depends on the chemistry of lakes, especially the
ability of Fe- and Al-rich waters to immobilize the carbonate
molecules and the hydrological regime of the lakes. Thirdly,
biological neutralization, which is based on the production and
decomposition of biomass in lakes. Metabolic relevant alkalinity
producing and consuming biological processes are listed
according to their gain of alkalinity in mol per transferred mol
of organic carbon in Table 1. Organic carbon was assumed to be
derived mainly from plant biomass due to primary production.
The chemical composition of biomass was deﬁned according to
the Redﬁeld ratio /CH2O(NH3)0.15(H3PO4)0.01S (Redﬁeld, 1958).
Biological processes are able to support gains or losses of
alkalinity which were calculated according to the acid base
concept of Stumm andMorgan (1996), as demonstrated by Blodau
(2006), Koschorreck and Tittel (2007), Uhlmann et al. (2001) and
Uhlmann et al. (2004). Alkalinity is the difference between ion
equivalents of conservative cations and anions. In an anoxic
medium the following chemistry of alkalinity production is
assumed:
DAlk=2D[Ca2+]+2D[Mg2+]+2D[Fe2+]+D[Na+]+D[K+]+D[NH4+]
anox2D[SO42]D[Cl]D[NO3]
How long the neutralization of waters remains stable depends
on the alkalinity of oxidized aerated water. Under these condi-
tions, the balance of alkalinity gain and loss is not determined by
the stable Fe(II) as a conservative cation which is reduced under
anoxic conditions:
DAlk=2D[Ca2+]+2D[Mg2+]+D[Na+]+D[K+]+D[NH4+]
anox2D[SO42]D[Cl]D[NO3]
Primary production and respiration using oxygen and Fe(III) do
not, or only to a small extent, produce alkalinity (or even acidity
0.15 to +0.15 mol/mol Corg). This is possible the by the
reduction of nitrate and sulphate. Nitrate concentration is
generally low in acidic mining lakes because of inhibited
nitriﬁcation, and ammonia is the dominant dissolved inorganic
nitrogen component (Totsche et al., 2004). Flooding with alkaline
water can enhance nitrate concentration. An overview of positive
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Table 1
Alkalinity potential of biological processes as gain of alkalinity per metabolized mol of organic carbon acc. to the acid base concept considering aeration (oxic conditions).
Chemical reaction and equation Gain of alkalinity [mol/mol Corg]
Primary production
CO2+0.15NO3
 +0.01H2PO4
 +0.15H2O+0.16H
+-/CH2O(NH3)0.15(H3PO4)0.01S+1.30O2
+0.15
CO2+0.15NH4
+ +0.01H2PO4
 +H2O-/CH2O(NH3)0.15(H3PO4)0.01S+O2+0.14H
+
0.15
Respiration
With oxygen
/CH2O(NH3)0.15(H3PO4)0.01S+1.30O2-CO2m+0.15NO3
 +0.01H2PO4
 +1.15H2O+0.16H
+
0.15
/CH2O(NH3)0.15(H3PO4)0.01S+O2+0.14H
+-CO2m+0.15NH4
+ +0.01H2PO4
 +H2O
+0.15
Denitriﬁcation/reduction of nitrate
/CH2O(NH3)0.15(H3PO4)0.01S+0.8NO3
 +0.94H+-CO2m+0.4N2m+0.15NH4
+ +0.01H2PO4
 +1.4H2O
+0.95
/CH2O(NH3)0.15(H3PO4)0.01S+0.5NO3
 +1.14H+-CO2m+0.65NH4
+ +0.01H2PO4
- +0.5H2O
+1.15
Reduction of iron
/CH2O(NH3)0.15(H3PO4)0.01S+4Fe(OH)3+8.14H
+-CO2m+4Fe
2+ +0.15NH4
+ +0.01H2PO4
 +11H2O
+0.15
/CH2O(NH3)0.15(H3PO4)0.01S+4Fe
3+ +H2O-CO2m+4Fe
2+ +0.15NH4
+ +0.01H2PO4
 +3.86H+
+0.15
Reduction of sulphate
/CH2O(NH3)0.15(H3PO4)0.01S+0.5SO4
2 +1.14H+-CO2m+0.5H2Sm+0.15NH4
+ +0.01H2PO4
 +H2O
+1.15
/CH2O(NH3)0.15(H3PO4)0.01S+0.5SO4
2 +0.5Fe2+ +0.14H+-CO2m+0.5FeSk+0.15NH4
+ +0.01H2PO4
 +H2O
+1.15
/CH2O(NH3)0.15(H3PO4)0.01S+0.57SO4
2 +0.29Fe2+ +0.71H+-CO2m+0.29FeS2k+0.15NH4
+ +0.01H2PO4
- +1.29H2O
+1.29
B. Nixdorf et al. / Limnologica 40 (2010) 167–174 169or negative alkalinity gain by different basic metabolic processes
is given in Table 1. It becomes obvious that nitrate and especially
sulphate reduction are the most efﬁcient alkalinity producing
reactions.
The main anion in mining lakes is sulphate; therefore
biological neutralization must be coupled with the reduction ofsulphate. This process must be irreversible to avoid re-acidiﬁca-
tion by re-oxidation of sulphides. The reduced sulphides can be
degassed out of the water body as H2S or immobilized as
ironmonosulphide or irondisulphide in the sediment (see Fig. 1).
According to the redox sequence, respiration of organic matter
ﬁrst reacts with oxygen, followed by denitriﬁcation, reduction of
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1996). The reduction of sulphate requires anoxic conditions free
of Fe(III) and nitrate. The seasonal circulation of lakes does not
allow permanent anoxic conditions in the pelagic water. There is
one exception in the monimolimnion of meromictic lakes. The use
of meromictic lakes as a sink for acidity or gain of alkalinity is
highly recommended. The sediment is the only compartment in
mono- and dimictic lakes where permanent anoxic conditions due
to high metabolic carbon turnover will occur. Therefore, the main
ecotechnological neutralization approaches are focused on sedi-
ment treatments and chemical interactions with water. These
experiments were carried out on different scales from micro- to
mesocosms and lake enclosures during a project on alkalinity
generation (the results are summarized in Nixdorf and Deneke,
2004). The main results were integrated in the modelling
approach to simulate whole lake experiments with different
remediation strategies and to evaluate efﬁciency and long term
effects.Table 2
Median values of important physical and hydrochemical parameters of ML Gru¨newald
whole mixed layer during circulation) and from hypolimnion (hypol.) for the period 1
KB4.3 pH Cond. SO4 DFe TFe
mmol/l mS/cm mg/l mg/l mg/l
Epil./mix 2.1 3.0 1120 529 14 16
Hypol. 1.9 3.9 1021 486 14 19
Fig. 2. Bathymetric map of ML Gru¨newalder Lauch (Plessa 117).General modelling approach for alkalinity production by
adding organic matter (from primary production or external
organic matter sources) to the sediment
A hydrochemical model, based on the geochemical program
PHREEQC (Parkhurst and Appelo, 1999) was developed for mining
lakes considering three layers (epilimnion, hypolimnion, sedi-
ment) with intensive matter exchange achieved by mixing and
diffusion. Matter input from groundwater and pits, gas exchange
with the atmosphere and the export of precipitated solid phases
into the sediment are also considered.
Different reactions of solid phases in the sediment are allowed:
transformation of precipitated Fe(III) hydroxysulphate (Schwert-
mannite) to goethite, mineralization of organic carbon, reductive
dissolution of hydroxide Fe(III) phases, precipitation of FeS and
calcite, and formation of pyrite (Fe2S) via FeS reacting with
dissolved sulphides and goethite according to Peiffer (1994). The
transformation of Schwertmannite, respiration of organic carbon
and pyrite formation are rate limited processes (kinetics),
whereas the other reactions are considered to be at thermo-
dynamic equilibrium. The main focus of the model is on the
coupling of C-, Fe- and S-metabolism according to Bu¨ttcher and
Uhlmann (2004). Further input parameters were derived from lab,
enclosure and ﬁeld experiments running within the project
‘‘biogenic alkalinity production’’ (Nixdorf and Deneke, 2004).Case study mining lake Gru¨newalder Lauch (Plessa 117)
Study site
ML Gru¨newalder Lauch (Plessa 117, 5113100000N, 1313904000E) is
located in the former mining area of Plessa, where lignite mining
started in the early 19th century. The formation of the lake lasted
from 1965 to 1972 due to the inﬂow of the groundwater after the
cessation of lignite mining. The lake has a surface area of 9.45 km2
and a volume of 5.6 million m3. Maximum depth is 14.4 m, and
mean depth is 6 m. The water retention time was calculated as 3.7
years (Hofmann et al., 2008). The lake is fed by groundwater
inﬂow from the north and west. The outﬂow is at the southern
end. The whole southern part, which covers about 2/3 of the lake
area, is shallow, and summer stratiﬁcation can only be observed
in the northern deeper part (Fig. 2), usually lasting from April
until the end of September. In its deepest part, the hypolimnion
can become anoxic mainly due to the inﬂow of anoxic
groundwater and chemical oxidation processes.
The main physical and chemical characteristics of ML Gru¨ne-
walder Lauch are its moderate acidiﬁcation, with a pH around 3.0,
and the high sulphate and iron concentrations while nutrient
concentrations are low and within the oligotrophic range (Table 2).
During summer stratiﬁcation, primary production in the epilimnion
is limited by low inorganic carbon and phosphorus concentrations
(Beulker et al., 2003), whereas the hypolimnion is dominated by the
chemical characteristics of the inﬂowing groundwater.er Lauch (Plessa 117) from mixed layers (epil./mix: epilimnion during stratiﬁcation,
995–2002.
Al SRP TP TIC DOC TOC TN
mg/l mg/l mg/l mg/l mg/l mg/l mg/l
1.4 3 7 0.2 1.4 1.7 1.8
1.2 4 11 4.0 2.1 2.5 1.8
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Fig. 3. Reduction of organic carbon in the sediment of ML Gru¨newalder Lauch
with formation of pyrite depending on metabolic intensity of inorganic carbon and
effects on basic chemical reactions in the lake.
B. Nixdorf et al. / Limnologica 40 (2010) 167–174 171Due to the low pH, the diversity of plankton species is low.
The most important taxa of the phytoplankton belong to the
mixotrophic nanoplankton (Beulker et al., 2003, 2004). The
highest phytoplankton biomass regularly occurs during winter
under ice, and in the upper hypolimnion when there is no
inorganic carbon limitation (Lessmann and Nixdorf, 2002;
Lessmann et al., 2006).
Scenarios
The effect of biogenic alkalinity generation on hydrochemical
processes was calculated using the model described above for ML
Plessa 117. Results are shown with (Fig. 3) and without (Fig. 4) the
formation of pyrite. Carbon turnover is related to the carbon yield
from phytoplanktonic primary net production with the following
assumptions (Uhlmann and Nixdorf, 2002; Nixdorf and Uhlmann,
2002).(1) Most planktonic organic carbon is produced during stratiﬁca-
tion in the summer by primary production.(2) Reduction of sulphate is induced by the decay of organic
carbon of settling detritus derived from phytoplankton.(3) The amount of settled organic carbon is about 10% of net
primary production (related to organic carbon).(4) Sulphate is only reduced in the profundal and during summer
stagnation. In the littoral sediment organic carbon decay
functions mainly by aerobic processes.(5) The products of sulphate reduction are immobilized irrever-
sibly in the sediment.Inputs in the models are: annual carbon import into the
sediment from primary production varied between 30 and
120 gC m2 a1 (or up to 10 mol C m2 a1), and were applied
to quantify the carbon turnover at the sediment surface. An
increasing load of organic carbon results in a reductive environ-
ment in the lake (Fig. 3, left), and thereby in a reductive resolution
of ironhydroxysulphate. Carbon turnover rates of around 3 mol
m2 a1 and an appropriate increase in the pH in the sediment
will induce calcite precipitation, whereas a metabolic carbon
turnover 44 mol m2 a1 is accompanied by the formation of
FeS und pyrite. Precipitation of calcite into the sediment decreases
the concentration of calcium in the lake water, and results in, as a
ﬁrst step, a loss of alkalinity in the pelagic water, and lake acidity
increases. Higher carbon turnover rates and the formation of FeS
and FeS2 in the sediment are the presupposition for decreasing Fe
and SO4 concentration. In a second step, neutral conditions will be
reached, as well as the formation of the bicarbonate buffering
system.
Chemical formation of pyrite is important for the future lake
water quality because FeS production means less sulphate
binding capacity: according to the stoichiometry, FeS can
immobilize only as much sulphate as iron, whereas pyrite will
bind twice as much. As a consequence of FeS formation, sulphate
concentration in the lake will remain high and suppress the
formation of the bicarbonate buffering system. Stabilization of pH
in that case is slightly above the Fe buffer at pHE4.
Our modelling results show the high importance of irondi-
sulphide formation compared to iron monosulphides. There are
at least four advantages for the improvement of water quality by
(organic) carbon induced microbial sulphate reduction into FeS2:
(a) the reduction of sulphate concentration in the water body, (b)
the decrease in the ionic strength of water (Fig. 5), (c) the
elimination of Fe from the pelagic water and (d) the formation of
a bicarbonate buffering system as a result of respiration
processes.Outlook: possibilities and limitations of the biological
treatment of acidic waters
Our simulation results reﬂected the different velocity and
stability of three neutralization measures. A comparison of
alkalinity production and stability is shown in Fig. 6 based on
scenarios of different neutralization measures in ML Gru¨newalder
Lauch with ‘‘no treatment’’, which means natural development or
maturation. Treatment scenarios started in 2004, and the highest
and fastest effect is due to liming until an alkalinity of around
0.25 mmol/L. The ‘‘liming’’ curve shows typical seasonal variation
because of mixing induced processes in the carbon cycle. The
ﬂooding treatment responds at a slower neutralization rate
compared to the liming procedure, but achieves a higher
alkalinity level of 0.6 mmol/L and long term stability. The
slowest response was calculated by the biological treatment: in
2012, alkalinity will be more than 1 mmol/L and thereby the
treatment with the best buffering capacity.
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Fig. 4. Reduction of organic carbon in the sediment of ML Gru¨newalder Lauch without formation of pyrite (only FeS) depending on metabolic intensity of inorganic carbon
and effects on basic chemical reactions in the lake.
B. Nixdorf et al. / Limnologica 40 (2010) 167–174172Results of our modelling approaches showed that the biologi-
cal neutralization of acidic and iron rich mining lakes is
thermodynamically possible due to the organic carbon turnover
and ﬁxation of iron sulphides in the sediment. Acidic lakes can be
neutralized by autogenic biological reactions under optimal
conditions based on the stabilization of metabolic turnover as
starting processes. These conditions can be managed by ecotech-
nological measures such as the enhancement of primary produc-
tion (Davison et al., 1995; Steinberg et al., 1999), or by adding
organic substrates (Fyson et al., 2002). The intensity of carbon
turnover rates is the key parameter for the success of neutraliza-
tion. It is mainly inﬂuenced by the input of iron, calcium and
sulphate into the lake, and the turnover, exchange and chemical
properties of sulphide minerals. High input of iron into the lake
will increase iron precipitation into the sediment. Sulphate
reduction will take place only after a reduction (or consumption)
of Fe(III) supply in the sediment. High iron loads from ground-
water require high carbon turnover rates in the sediment toinduce biological neutralization. Therefore, biological treatment
with fertilizers to enhance primary production, and associated
organic carbon sedimentation to stimulate anaerobic microbial
decomposition in the sediment is recommended as an alternative
strategy for weakly acidic mining lakes without the permanent
input of large acid and iron loads. This should be coupled with
chemical measures to improve the starting conditions for
biological remediation. Biological carbon transformation due to
production and decomposition has advantages especially to form
and stabilize a bicarbonate buffering system (Nixdorf et al., 2003).
Formation of FeS2 is more efﬁcient for lake neutralization
compared with iron monosulphides, which are more instable
and will be re-oxidized to sulphates. The conditions of recent
pyrite formation are not investigated at all and need further
research. Summarizing our results, it can be concluded that
processes of biogenic alkalinization depend on complex interac-
tions with carbon input into the lake, its exchange within the lake
and its compartments (sediment, atmosphere), and the formation
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B. Nixdorf et al. / Limnologica 40 (2010) 167–174 173of secondary mineral phases. Each lake, therefore, has to be
considered as a special case with adaptive hydrogeochemical
modelling combined with biological potential reactions.References
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